ABSTRACT Millimeter-wave (mmWave) massive multiple-input multiple-output (MIMO) utilizes large antenna arrays and is considered a promising technology for fifth-generation (5G) and beyond wireless communication systems. However, the high-power consumption of the radio-frequency (RF) chains makes it infeasible. To solve this problem, hybrid precoding is proposed, which is a combination of analog and digital precoding. The fully connected architecture hybrid precoding still requires a large number of phase shifters (PSs). The sub-connected architecture can greatly reduce the required power consumption, and however, it cannot obtain a satisfactory achievable rate. To avoid the high energy consumption and obtain a high resolution, we propose a novel partly connected architecture in this paper. In addition, we propose an energy-efficient successive interference cancelation (SIC) hybrid precoding based on the partly connected architecture, which transforms the problem of maximizing the total achievable rate with non-convex constraints into a series of sub-rate optimization problems. Furthermore, a low-complexity energy-efficient SIC hybrid precoding based on the partly connected architecture is developed, which uses the partial singular value decomposition (SVD) to realize the sub-rate optimization and significantly reduce the complexity. Theoretical analysis demonstrates the superiority of the proposed hybrid precoding in terms of complexity. The simulation results indicate that the proposed hybrid precoding algorithms enjoy better energy efficiency and achievable rate performance than some recently proposed hybrid precoding algorithms.
I. INTRODUCTION
The growth of traffic in mobile communications, which is rapidly increasing with the popularity of mobile devices, has been drawn a great amount of important attention in recent years [1] . Millimeter wave (mmWave) communication with broad unlicensed bandwidth is a promising technology for future wireless communication systems [2] . The mmWave signal attenuation is severe because the free space propagation pathloss is inversely proportional to the wavelength [3] . However, the mmWave massive multiple input multiple output (MIMO) with shorter wavelength is able to make dozens
The associate editor coordinating the review of this manuscript and approving it for publication was Ning Zhang. or hundreds of antennas to be packed into a small size, which can compensate for the severe pathloss by sufficient beamforming. Moreover, it can utilize precoding to concentrate the signal in a specific direction [4] . Therefore, considerable attention has been paid to mmWave massive MIMO technology in wireless communications [5] , [6] .
Fully analog beamforming operates the phase of the signal sent by each antenna via analog phase shifters (PSs) [7] - [9] . Although the fully analog precoding is simply implemented, it cannot provide multiplexing gains for transmitting parallel data streams. For the MIMO systems in conventional frequency band, the classical fully digital precoding is usually used, which can obtain the optimal multiplexing gain [10] . Since the number of radio frequency (RF) chains equals that VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ of the antennas for traditional fully digital precoding, it is too costly for mmWave massive MIMO systems. Therefore, novel precoding structures are required for mmWave systems that are quite different from those of conventional communication systems [12] - [15] . The hybrid precoding architecture has drawn considerable attention for mmWave massive MIMO systems, since the number of RF chains is less than that of transmit/receive antennas. Its key idea is to realize precoding in high-dimensional analog and low-dimensional digital domains, where the analog beamforming is implemented by analog circuit, while the digital precoding requires a small number of RF chains [16] . The fully-connected and sub-connected architectures are employed by the existing hybrid precoding. For the fully-connected architecture, there are two ways to design the hybrid precoding. In the first way, a codebook is required to design for improving the performance when optimizing the hybrid precoding [17] - [19] . A codebook was designed in [18] , in which wider beams were generated by turning off some antennas. For a multiuser mmWave system, a low-complexity codebook-based RF-baseband hybrid precoder was proposed in [19] . Some codewords in these methods require an analog switch for each antenna element path, which will result in additional costs and power consumption. In the second way, optimization problem is formulated as a sparsity signal reconstruction problem for hybrid precoding [20] - [22] . The hybrid precoding is transformed into a sparse digital precoding optimization problem [23] . A new hybrid precoding algorithm from the perspective of geometric construction was proposed in [24] . Although these algorithms do not consider the designing of codewords, they are all designed based on fully-connected architecture, which involves complicated phase shifter networks and high complexity.
To avoid the problem of fully-connected schemes, hybrid precoding based on sub-connected architecture has been attracted more attention [12] , [25] , [26] . Compared with fully-connected architecture, it can realize a great reduction in terms of hardware and improve the energy efficiency. However, this architecture leads to an unsatisfing achievable rate performance, which is significantly important in wireless communication systems with the rapid development of mobile communications and the ever growing demand for data rate.
In this paper, we propose a new partly-connected architecture for hybrid precoding. This architecture selects two RF chains to control one sub-antenna array and each antenna is controlled by two phase shifters connected by two RF chains. The partly-connected architecture can achieve a great increase in the achievable rate at the cost of increasing a small number of PSs. In addition, we propose an energy-efficient successive interference cancelation (SIC) hybrid precoding based on partly-connected architecture, which is called partly-connected successive interference cancelation (PC-SIC) precoding. For the proposed PC-SIC hybrid precoding, the total achievable rate optimization problem with non-convex constraints is transformed into a series of simple sub-rate optimization problems. Furthermore, to reduce the complexity of the proposed PC-SIC precoding, we further propose a low-complexity energyefficient partly-connected SIC hybrid precoding (LPC-SIC) algorithm. The proposed LPC-SIC precoding uses partial singular value decomposition (SVD) in the sub-rate optimization, which can avoid the computational complexity of solving unrelated singular value vectors. Simulation results indicate that the proposed hybrid precoding algorithms can obtain satisfactory performance in terms of the achievable rate and energy efficiency for mmWave massive MIMO systems.
The rest of the paper is organized as follows. The channel model and power model are introduced in Section II. The proposed partly-connected architecture, PC-SIC precoding, and LPC-SIC precoding are described in Section III. In Section IV, the simulation results of the achievable rate and energy efficiency are provided. Section V concludes this paper.
Notation: In this paper, lower-case and upper-case boldface letters denote vectors and matrices, respectively. (·) T , (·) −1 , (·) H , and · F denote the transpose, inverse, conjugate transpose, and Frobenius norm of a matrix, respectively. I N is the N × N identity matrix. E(·) denotes the expectation. C m×n denotes an m × n dimensional complex space.
II. SYSTEM MODEL A. CHANNEL MODEL
It is known that the mmWave channel no longer obeys the conventional Rayleigh fading and has different propagation characteristics compared to lower-frequency channels [27] . In this paper, the geometric Saleh-Valenzuela channel model is used for mmWave communications [28] , [29] . Based on the Saleh-Valenzuela model, the channel matrix H can be represented as
where τ = N 2 M L is a normalization factor, M is the average number of antennas connected to one RF chain, NM is the number of transmit antennas, L is the number of effective channel paths corresponding to limited scatters, and N is the number of RF chains, which usually requires L ≤ N . α l is the complex gain of the lth path that follows the Rayleigh distribution. φ t l (θ t l ) and φ r l (θ r l ) are the lth path's azimuth (elevation) angles of departure and arrival (AoD/AoA), respectively. t (φ t l , θ t l ) and r (φ r l , θ r l ) denote the transmit and receive antenna array gain at a specific AoD and AoA, respectively. a H t (φ t l , θ t l ) and a r (φ r l , θ r l ) represent the normalized transmit and receive array response vectors based on the antenna array structures at the base station (BS) and the user, respectively. For the uniform linear arrays (ULAs), the array response vector can be presented as
where λ is the signal wavelength, d is the distance between antenna elements, and U represents the elements for the ULAs.
B. POWER MODEL
The total power consumption is usually modeled as
where P tr is the transmission power, P RF is the power consumed by RF chain, and P PS is the energy consumption of PS. N and N PS are the numbers of RF chains and PSs, respectively. The energy efficiency can be defined as the ratio of the achievable rate to the total power consumption, which is expressed as
where R is the total achievable rate. We aim to design the analog precoder F A and digital precoder F D to maximize the total achievable rate R, which can be expressed as
where F denotes the set of feasible analog precoders, N is the number of data streams.
III. PROPOSED ENERGY-EFFICIENT HYBRID PRECODING BASED ON PARTLY-CONNECTED ARCHITECTURE
In this section, we first develop a new partly-connected architecture and then propose an energy-efficient partlyconnected hybrid precoding to achieve near-optimal performance. Furthermore, an energy-efficient low-complexity partly-connected hybrid precoding algorithm is proposed.
A. PARTLY-CONNECTED ARCHITECTURE FOR MMWAVE MASSIVE MIMO SYSTEM
A new type of partly connected architecture for hybrid precoding in mmWave massive MIMO systems is proposed, as shown in Fig. 1 . The proposed partly connected architecture is a compromise proposal between the fully-connected architecture and the sub-connected architecture. In the proposed architecture, NM transmit antennas are equipped in the BS and N independent data streams are sent to K user antennas. Furthermore, the BS has N RF chains, which satisfy N ≤ NM . Specifically, each two RF chains is connected to one sub-antenna array. Because one sub-antenna array has 2M antennas, one RF chain is connected to the sub-antenna array via 2M phase shifters and each of the two RF chains is connected to one sub-antenna array via 4M phase shifters. Since 2M phase shifters are required to transmit one data stream, to transmit N independent data streams the partly-connected architecture requires 2NM PSs, while the sub-connected architecture needs NM PSs, and the fully-connected architecture needs N 2 M PSs [26] . It can be seen from Fig. 1 , although the number of PSs for partly-connected architecture is twice that of the sub-connected architecture, the number of sub-antenna arrays is N /2 for partly-connected architecture, which is half of the sub-connected architecture. The hybrid precoder F at the BS is NM × N . It should be formed from two parts: a high-dimensional analog precoder F A ∈ C NM ×N and a low-dimensional digital precoder F D ∈ C N ×N , i.e., F = F A F D [28] .
First, the N data streams in the baseband are precoded by digital precoder F D , and pass through N RF chains. F D can be further specialized to be a subblock diagonal matrix as
] based on the partly-connected architecture, where d n ∈ C 2×2 for n = 1, 2, ...N /2. Afterwards, the N data streams are precoded again by an NM × N analog precoder, which is realized by 2NM PSs. F A can also be specialized as a subblock diagonal matrix as
, where a n ∈ C 2M ×2 for n = 1, 2, . . . , N /2. The elements of F A have the same amplitude 1/ √ 2M , but different phases [20] . Therefore, for one sub-antenna array, two baseband data streams are precoded by d n ∈ C 2×2 , and then pass through two RF chains and are precoded by the analog weighting vector a n ∈ C 2M ×2 , which is realized by 4M PSs. Therefore, the hybrid precoding for one sub-antenna array is f n = a n d n , which satisfies f n ∈ C 2M ×2 .
Considering a block-fading propagation channel, the received K × 1 signal vector y = [y 1 , y 2 , . . . , y K ] T at the user side can be expressed as
where ρ is the average received power, and y is the K × 1 received vector. H ∈ C K ×NM denotes the channel matrix based on the Saleh-Valenzuela model between the BS and the user. s = [s 1 , . . . , s N ] T presents the source signal vector in VOLUME 7, 2019 the baseband. F = F A F D is the hybrid precoding matrix
The widely used Gaussian signal with a normalized signal power E(ss H ) = (1 N )I N is used [28] . To meet the constraint for the total transmit power, it is required that F F ≤ N [20] . The additive white Gaussian noise (AWGN) vector n = [n 1 , n 2 , . . . , n K ] T follows the independent and identically
The hybrid precoding matrix based on sub-connected architecture can be expressed as
where
It can be seen from the partly-connected architecture based hybrid precoding matrix (7), when the upper triangle and lower triangle of f n are both zero matrices, f n is equivalent to the rows from the (2M (n − 1) + 1)th one to the (2M (n − 1) + 2M )th one of f sub(2n−1) and f sub(2n) , respectively, in which n = 1, 2, . . . , N /2. For the partly-connected architecture, f n in Equation (7) can be expressed as
where a, b, c, and d are M × 1 complex matrices. When the upper triangle b and lower triangle c are both zero matrices, a and d are the (2M (n−1)+1)th one to the (2M (n−1)+2M )th one of f sub(2n−1) and f sub(2n) (n = 1, 2, . . . , N /2), respectively. Since the block matrix of the partly-connected architecture can be a zero matrix, the hybrid precoding based on sub-connected architecture is a special case of the proposed partly-connected architecture based hybrid precoding when b and c are both zero matrices. Although the hybrid precoding based on sub-connected architecture enjoys better energy efficiency than the fully digital precoding and spatially sparse precoding based on fully-connected architecture [26] , the partly-connected architecture can achieve a better performance of achievable rate than the sub-connected architecture. The number of PSs based on partly-connected architecture increases, however, the power consumption of PSs is only on the order of milliwatt. Therefore, the partly-connected architecture can obtain a great increasing of achievable rate at the cost of increasing a small number of PSs, and achieve a higher energy efficiency.
B. ENERGY-EFFICIENT HYBRID PRECODING ALGORITHM BASED ON PARTLY-CONNECTED ARCHITECTURE
Inspired by the successive interference cancelation (SIC) algorithm, we propose an energy-efficient PC-SIC hybrid precoding. The aim of precoding is to maximize the total achievable rate. The achievable rate of mmWave massive MIMO systems can be expressed as
According to the system model in Section II, the hybrid precoding matrix F can be represented as
There are three constraints on F: 1) F should be a block diagonal matrix which is shown in (7), i.e.,
, where f n = a n d n is the 2M × 2 non-zero vector of the (N −2n+1)th and (N −2n+2)th columns (n = 1, 2, ...N /2).
2) The non-zero elements of each column of F A should have the same amplitude. 3) To fulfill the requirements of the total transmit power constraint, the Frobenius norm of F should meet F F ≤ N s . Unfortunately, the total achievable rate R is difficult to be optimized because of the non-convex constraints on F. Motivated by [30] , we can decompose the complicated optimization problem (10) into a series of sub-rate optimization problems based on the partly-connected architecture, which is much easier to solve.
The precoding on different sub-antenna arrays is independent based on the block diagonal structure of the hybrid precoding matrix F. Therefore, F can be divided into three parts as follows F = [F 1:N −2 f N −1 f N ], where F 1:N −2 is an NM × (N − 2) matrix containing the first (N − 2) columns of F, f N −1 and f N are the (N − 1)th and the N th column of F, respectively. Then, the total achievable rate R in (10) can be presented as
The auxiliary matrix
H H is defined, and then R can be stated in a closed-form as follows
where (12) has the same form as (10). Hence, log 2 (|T N −2 |) can be further decomposed by using the similar method in (11) , and it can be given by
After N /2 decompositions, the total achievable rate R in (12) can be expressed as (14) where
. The problem of maximizing the total achievable rate can be transformed into a series of sub-rate optimization problems of sub-antenna arrays based on (14) . This can significantly simplify a complex problem that has non-convex constraints. First, because each antenna array is connected to two RF chains independently, the achievable capacity of the first antenna array can be optimized by assuming that all the other antenna arrays are closed. Afterwards, by excluding the contribution of the first antenna array from (10), the achievable rate of the second antenna array can be optimized. A similar procedure is executed until the last antenna array is considered.
According to the analysis above, the sub-rate optimization problem of the nth sub-antenna array can be given by 
where F includes all the possible 2M × 2 vectors satisfying the last two constraints, G N −2n of size 2M × 2M is the corresponding sub-matrix of G N −2n by only keeping the rows and columns of G N −2n from the (2M (n − 1) + 1)th one to the (2M (n − 1) + 2M )th one, which can be presented as
where 
As mentioned above, the proposed PC-SIC hybrid precoding algorithm, i.e., the following steps in Algorithm 1, can solve the sub-rate optimization problem of the nth sub-antenna array (for n = 1, 2, ...N /2).
C. LOW-COMPLEXITY HYBRID PRECODING ALGORITHM BASED ON PARTLY-CONNECTED ARCHITECTURE
To reduce the complexity of the proposed PC-SIC precoding, an energy-efficient low-complexity partly-connected architecture based successive interference cancelation hybrid precoding, i.e., LPC-SIC, is proposed in this section. The SVD algorithm usually obtains all the singular values of the matrix. To obtain the complete SVD of the matrix, redundant calculations are inevitably generated in massive MIMO systems. When the number of singular values or singular vectors required is much smaller than the matrix dimension, the waste of computational is enormous. Fortunately, hybrid precoding based on partly-connected architecture does not need to obtain all the singular value distributions of the matrix and corresponding singular vectors. Only the singular vectors corresponding to the first two large singular values need to be obtained to further gain a hybrid precoding matrix. Therefore, a partial singular value decomposition method is proposed in this section, which only calculates the singular values and singular vectors required by the partly-connected architecture.
The partial singular value decomposition method mainly exploits the Givens transformation. This transformation can make the original matrix orthogonal, which can be expressed as
where A ∈ C m×n , m > n, V is an unitary matrix, W satisfies the column vectors are orthogonal to each other, which is given by
where U is the left singular vector of A, and is the singular value of A.
Because not all the singular values are required in the system, only r singular values are required (r < n),
Let
It is satisfied that 0 < i < r. W 1 and W 2 satisfy
Taking Equation (24) into Equation (26) and Equation (27), we can obtain
And then
Multiply U H 1 on both sides of the above equation, and we can get
Then,
Thus,
Therefore, 2 1 is the singular value of AA H . In addition, U 1 is the singular vector corresponding to a singular value.
As mentioned above, the key idea of the partial SVD algorithm is to make better use of the orthogonal mapping, which can make the two vectors orthogonal. Because only the partial singular values and corresponding singular vectors are required by the partly-connected architecture, the partial column vectors are orthogonal to each other and the partial column vectors and the remaining column vectors are orthogonal to each other. Therefore, the partial SVD method eliminates the orthogonal work of the unrelated column vectors, which can significantly reduce the computational load for each round.
Based on partly-connected architecture, the singular values of G N −2n are required. They are arranged in descending order. r (for a partly-connected architecture, r = 2) singular values and r singular vectors are required by the system. We assume that the ith singular value is σ i , in which, 0 ≤ i < r.
First, the 2-norm of the column vector of matrix G N −2n , i.e., G N −2n (:, i) and
, directly perform the orthogonal transformation. Otherwise, G N −2n (:, j) and G N −2n (:, i) are changed, and the orthogonal transformation is then performed. If i > r, end the loop. According to Equation (25) , after several iteration cycles, the singular vectors can be calculated and expressed as follows
where G N −2n (:, i) is the updated version of G N −2n (:, i). A detailed description of the proposed partial SVD algorithm is summarized in the following.
In conclusion, the proposed LPC-SIC algorithm uses partial SVD in the first step of the sub-rate optimization problem 
6:
Change and orth
end if 9: i + +, j + +; 10: end while Output:
to replace the SVD algorithm, which can significantly reduce the complexity.
D. COMPUTATIONAL COMPLEXITY EVALUATION
The computational complexity of the proposed partlyconnected architecture based hybrid precoding algorithms is mainly composed of the following three parts.
1) The first part is from the SVD of matrix G N −2n . The dimension of matrix G N −2n is 2M × 2M . The computational complexity of directly implementing SVD is O 4M 3 N . For the proposed LPC-SIC hybrid precoding algorithm which requires the first two column vectors and uses a partial SVD algorithm, the computational complexity is O 4M 2 N − 2MN .
2) The second part from obtaining a digital precoding for solving Equation (19) , which needs O (12MN ) multiplications and O (4N ) divisions.
3) The third part is from obtaining a hybrid precoding for solving Equation (20) , which needs O (4MN ) multiplications.
According to the above analysis, the overall complexity of the proposed PC-SIC hybrid precoding and the proposed LPC-SIC hybrid precoding is O 4M 3 N + 16MN + 4N and O 4M 2 N + 14MN + 4N , respectively.
The complexity comparison of the spatially sparse precoding [20] , SIC-based hybrid precoding [26] , and the proposed PC-SIC and LPC-SIC precodings is shown in Table 1 . It is assumed that N = 8, M = 8, K = 16, L = 3, and S = 5, which are the typical values in mmWave MIMO systems [20] .
Note that the computational complexity of the spatially sparse precoding is approximately 5 × 10 4 multiplications and 10 3 divisions. The complexity of the SIC-based hybrid precoding requires approximately 4 × 10 3 multiplications and 10 2 divisions. The multiplications and divisions times of the proposed PC-SIC precoding are approximately 2 × 10 4 and 3 × 10, respectively. While the number of multiplications and divisions of the proposed LPC-SIC precoding are approximately 3 × 10 3 and 3 × 10, respectively. Therefore, the proposed LPC-SIC precoding enjoys significantly lower complexity, which is only approximately 7% of the spatially sparse precoding complexity and approximately 18% of the proposed PC-SIC precoding complexity. In addition, the computational complexity of the proposed LPC-SIC precoding is approximately 82% of SIC-based precoding complexity.
IV. SIMULATION RESULTS
In this section, we provide simulation results to demonstrate the performance advantages of the proposed algorithms. We compare our hybrid precoding with the fully-connected architecture based optimal unconstrained precoding and spatially sparse precoding. The performance of the SIC-based hybrid precoding with the sub-connected architecture and the conventional analog precoding with sub-connected architecture is also presented. The mmWave channel model in Equation (1) is used where the number of scatters is set as L = 3 [20] , [31] . The ULAs with antenna spacing of d = λ/2 are employed for both transmit and receive antenna arrays. The AoA and AoD of each element are uniformly distributed in [−π, π] and −π 6, π 6 , respectively. The carrier frequency is 28 GHz. The perfect channel state information (CSI) scenario is considered. The SNR is defined as SNR = ρ σ 2 , where the noise variance is σ 2 = 1.
A. THE PERFORMANCE OF ENERGY EFFICIENCY
We consider the scenario of a small cell transmission and set the parameters as follows, P RF = 250 mW, P PS = 1 mW, and P t = 1 W [26] . Fig. 2 shows the energy efficiency against the number of RF chains N , where SNR = 0 dB, NM = K = 128 ( N = 8, 16 , . . . , 128 to ensure that M is an integer). The number of RF chains from 63 to 65 is shown in Fig. 2 . It can be seen clearly that the proposed precoding algorithms are more energy efficient than the other algorithms when the number of RF chains is between 8 and 64.
The simulation results also demonstrate that with an increasing number of RF chains, the SIC hybrid precoding based on sub-connected architecture has a similar performance to those of the proposed PC-SIC and LPC-SIC hybrid precoding algorithms. It is also obvious that fully digital precoding, i.e., optimal unconstrained precoding, has low energy efficiency, since the corresponding large number of RF chains and PSs requires a high energy consumption. Therefore, the proposed partly-connected architecture can achieve satisfied energy efficiency. Fig . 3 shows the energy efficiency of the proposed PC-SIC and LPC-SIC hybrid precoding algorithms in a 128 × 16 mmWave massive MIMO system, where N = 16. It can be observed that the proposed algorithms can achieve better energy efficiency performance than the hybrid precoding based on fully-connected architecture (including the optimal unconstrained precoding and spatially sparse precoding) and sub-connected architecture (including SIC-based precoding and conventional analog precoding). In addition, the energy efficiency gap between the proposed precoding algorithms and the other algorithms will increase as the SNR increases, which implies that the proposed algorithms have much better energy efficiency for high SNR.
B. EFFECT OF RF CHAINS
Two typical mmWave massive MIMO configurations with NM × K = 128 × 16 (M = 8) and NM × K = 128 × 32 (M = 4) are used to study the effect of the number of RF chains [30] . Fig. 4 and Fig. 5 show a comparison of achievable rate against SNR in the mmWave massive MIMO system. It is obvious that the achievable rates of the proposed PC-SIC and LPC-SIC hybrid precoding algorithms are close to those of the optimal unconstrained precoding and spatially sparse hybrid precoding using fully-connected architecture. The proposed PC-SIC and LPC-SIC algorithms outperform SIC-based hybrid precoding and conventional analog precoding with sub-connected architecture over the whole simulated SNR range. In addition, it can be seen from Fig. 4 and Fig. 5 that the performance of hybrid precoding can be greatly improved by increasing the number of RF chains. For example, when SNR = 0 dB and the number of RF chains is 16, the achievable rate of the proposed LPC-SIC algorithm is 11.5995 bits/s/Hz. While the achievable rate of the proposed LPC-SIC algorithm is 14.7650 bits/s/Hz when SNR = 0 dB and the number of RF chains is 32. Furthermore, the proposed LPC-SIC precoding achieves more than 97% of the achievable rate achieved by the proposed PC-SIC precoding in both of the simulated configurations. Considering the complexity analysis mentioned in Section III-D, we conclude that the proposed algorithms impose significantly lower complexity at the cost of a modest degradation in achievable rate. Moreover, the proposed LPC-SIC algorithm achieves the achievable rate performance close to that of the proposed PC-SIC algorithm, which indicates that the proposed partial SVD enjoys low complexity and satisfactory achievable rate.
C. EFFECT OF ANTENNAS
The performance of the achievable rate against the numbers of BS and user antennas is shown in Fig. 6 . In this case, the number of base station antennas equals the number of user antennas. The number of RF chains is fixed at 8 and the SNR = 0 dB. We note that the performance of the proposed PC-SIC and LPC-SIC algorithms can be improved by increasing the number of BS antennas and user antennas. Since the energy consumption of RF chains is much higher than that of antennas, the energy consumption of increasing the user antennas can be ignored [32] . Therefore, compared to increasing the number of energy-intensive RF chains, the proposed hybrid precoding can significantly reduce the energy cost. In addition, it can be seen from Fig. 6 that the proposed algorithms are obviously superior to the algorithms based on sub-connected architecture and close to the algorithms based on fully-connected architecture. 
D. EFFECT OF TRANSMIT AND USER ANTENNAS
The achievable rate comparison against the number of user antennas is shown in Fig. 7 and Fig. 8 , where SNR = 0 dB, and N = 16. The number of user antennas is 4, 8, 16, 32, 64 and 128. First, it can be seen that the achievable rate will improve significantly when increasing the number of user antennas. The proposed algorithms are still obviously superior to the sub-connected architecture as the number of user antennas increases. Furthermore, it can be observed that increasing the number of user antennas can compensate for the performance loss of the proposed algorithms. For example, in Fig. 7 when the number of user antennas is 64, the achievable rate of optimal unconstrained precoding based on fully-connected architecture is 20.2409 bits/s/Hz. While the achievable rate of the proposed LPC-SIC precoding is 20.3474 bits/s/Hz when the number of user antennas is 128, which approximately equals the achievable rate of the optimal unconstrained precoding with 64 user antennas. From Fig. 8 , the achievable rate of the optimal unconstrained precoding with 64 user antennas is similar to that of the proposed LPC-SIC precoding with 128 user antennas. Furthermore, the required number of PSs for the optimal unconstrained precoding is N 2 M = 4096 in this environment. While the required number of PSs of the proposed PC-SIC and LPC-SIC precoding algorithms is 2NM = 512. Therefore, the proposed architecture can effectively reduce the number of PSs and improve the energy efficiency. As mentioned above, the proposed LPC-SIC hybrid precoding can obtain a much better trade-off between the performance and computational complexity than the proposed PC-SIC hybrid precoding. Therefore, we mainly analyze the performance of the proposed LPC-SIC hybrid precoding. First, we analyze the relationship between the number of transmit antennas and the achievable rate. In this simulation, the SNR varies from -30 dB to 0 dB. The number of transmit antennas is 64, 128, and 256. The number of RF chains is 16. The impact of the number of transmit antennas on the achievable rate is shown in Fig. 9 and Fig. 10 . It can be seen clearly from Fig. 9 that as the number of transmit antennas decreases, the achievable rate of the proposed LPC-SIC hybrid precoding gradually becomes close to that of the optimal unconstrained precoding. For example, when the number of transmit antennas is 256 and SNR = 0 dB, the achievable rates of the optimal unconstrained hybrid precoding based on fully-connected architecture and the proposed LPC-SIC hybrid precoding are 16.1914 bits/s/Hz and 14.1543 bits/s/Hz, respectively. The proposed LPC-SIC hybrid precoding can obtain 87.42% of the achievable rate of the optimal unconstrained precoding. In contrast, the proposed LPC-SIC hybrid precoding can obtain 89.11% and 92.87% of the achievable rate of the optimal unconstrained precoding, when the numbers of transmit antennas are 128 and 64, respectively. In addition, the effect of the SNR is no longer obvious as the number of transmit antennas decreases. When increasing the SNR, the gap in the achievable rate between the optimal unconstrained and proposed LPC-SIC precoding will decrease as the number of transmit antennas NM decreases. Moreover, we can observe that the achievable rate can improve significantly as the number of user antennas increases. It can reduce the requirement for the SNR by increasing the number of user antennas. For example, when the number of transmit antennas is 256, the achievable rate of the proposed LPC-SIC precoding with K = 16 and SNR = 0 dB is approximately equal to that with K = 32 and SNR = −4 dB. Furthermore, we analyze the relationship between the number of user antennas and the achievable rate for the proposed LPC-SIC precoding. In this simulation, the SNR varies from -30 dB to 0 dB. The number of user antennas is K = 16, 32, 64. Fig. 11 and Fig. 12 depict the achievable rate of the optimal unconstrained precoding based on fully-connected architecture and the proposed LPC-SIC precoding against the SNR under different numbers of user antennas. It can be seen that the achievable rate will increase as the number of user antennas increases when employing the same number of transmit antennas. In addition, the system can reduce the requirement for the SNR by employing more antennas at the BS. For example, when the number of user antennas is K = 64, the achievable rate of the proposed LPC-SIC precoding with NM = 128 and SNR = −10 dB is approximately equal to that with NM = 256 and SNR = −12 dB.
V. CONCLUSION
To improve the energy efficiency of mmWave massive MIMO systems, we propose a new partly-connected architecture and two hybrid precoding algorithms based on partly-connected architecture and SIC in this paper. The partly-connected architecture selects two RF chains to control one sub-antenna array, which can effectively reduce the required PSs and the energy consumption. Then, we propose the PC-SIC and LPC-SIC hybrid precoding algorithms based on the partly-connected architecture to avoid high energy consumption for mmWave massive MIMO systems. The PC-SIC hybrid precoding decomposes the total achievable rate into a series of sub-rate optimization problems based on sub-antenna arrays of partly-connected architecture. Furthermore, to reduce the complexity of the PC-SIC precoding, we further propose a LPC-SIC hybrid precoding that uses the partial SVD algorithm to replace the SVD in the sub-rate optimization process. The complexity analysis shows that the proposed LPC-SIC hybrid precoding can significantly reduce the computational complexity. The simulation results demonstrate that the proposed algorithms can provide better achievable rate and energy efficiency.
